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Non-lethal weapons represent novel threats to warfighters, requiring equally novel
defensive measures. In addition to direct anti-personnel applications, such weapons may be
designed specifically to degrade military forces’ mobility, logistical support and equipment
maintenance programs in a clandestine manner prior to or during military engagements, in a time
frame of minutes to weeks. Such systems, patterned after microorganisms and their products,
can be directed at non-living targets such as highway and runway surfaces, metal parts and
coatings of weapons, support equipment and vehicles, fuels and other supplies and replacement
parts. Microbial-derived systems may be used to accelerate the corrosion, degradation or
decomposition of roads and aircraft runways. In addition, targeted deterioration of metal parts,
coatings and lubricants of weapons, vehicles and support equipment, as well as fuels and other
supplies, would significantly increase the cost and logistical burden of sustaining military
operations. An important threat area addressed by this research includes denial of land areas to
vehicles and aircraft by reduction of terrain trafficability and vehicle operation. Another very real
threat involves the ability to disable or neutralize equipment and facilities, by degrading fuels and
other supplies, and increasing maintenance requirements.

Nature has provided many examples of natural degradation by microorganisms of metals
(1-4), fuels (5,6) and a variety of synthetic products (7,8), as well as structures and systems that
incorporate or depend on such products. An example of a military material that such weapons
may target is the synthetic high-strength polymer, Kevlar, or novel biomimetics of Kevlar based
on spider silk. Asphalt is degraded by several strains of bacteria, leading to greatly reduced road
surface lifetimes (9). Components of asphalt used for other construction purposes also suffer
failure as a direct result ¢.”bacterial degradation (10). Cement is subject to rapid, component-
specific attack by microbes (11). Most classes of paints and coatings are also vulnerable to
degradation by microbial products (12-14). Virtually all petroleum, oil and lubricants (POL) of
military relevance are vulnerable to degradation by microbial action (5). Many microorganisms
also naturally produce minute granules called inclusion bodies that are made of salt crystals,
metals or plastic-like compounds (polyhydroxyalkanates). These particles will quickly clog high
efficiency filters, and convert critical lubricants of weapon systems into gums or abrasives. The
initial phase of our research has focused on identifying and characterizing the degradative
potential of products from naturally-occurring microorganisms. This work has been extended to
the development of model microbial systems using genetically modified microorganisms (GEM)
that express focused degradative capabilities. These will be further modified to be self-limiting,
either by incorporation of timed “suicide” genes, or other alterations that prevent their persistence
in the environment beyond pre-determined limits of space or time. The natural and model
microbial systems are being studied to understand the enzymatic and other mechanisms by which




degradation of materials is effected. The knowledge of microbial degradation pathways gained in
this study will be used to develop biomimetic chemical systems that reproduce the specific
degradative capabilities, but without the requirement for living microorganisms. The genetic
engineering techniques employed are standard laboratory practices, requiring no special isolation
laboratories, and this materials science research is not restricted in any way by the 1972 Geneva
Convention on Biological Warfare or any other international agreement.

The second phase of the research will focus on devising defensive measures, or
“vaccination” strategies, to protect our military materiel against offensive actions that employ
biodegrading microbes or their products. Extracellular enzymes from bacteria or fungi can easily
be produced in large quantities, and potentially deployed for such purposes. For example, it is
quite possible that microbial derived or based esterases might be used to strip signature-control
coatings from aircraft, thus facilitating the detection and destruction of the aircraft.
Countermeasures should be developed well in advance of need. One example of such
“vaccination,” involving the protection of polyurethane paints and coating, is described below.
Naval ships and aircraft use polyurethane coatings in a variety of applications to protect surfaces
from corrosion. Polyurethane is vulnerable to enzymatic degradation by a number of naturally
occurring microorganisms (12,13,15,16). Current Navy aircraft coatings are two-component
polyurethanes and are described in military specification MIL-PRF-85285C. The first component
contains a polyol resin A, pigments, and other ingredients. The second component contains a
polyisocyanate B. The curing reaction is shown in Scheme 1:
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To ensure rapid and complete reaction, and to keep the price of the starting materials
comparatively low, primary isocyanates and primary alcohols are used as shown ir “cheme 1.
The sterically-unhindered urethane linkage thus produced is easily attacked and severed by
esterases. Chemical groups that restrict or prohibit access of the enzyme to the urethane group
confer stability against enzymic attack. Thus, the polyol of Scheme 1 could easily be modified as
shown in Schemes 2 and 3 below:
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In Scheme 2, each primary hydroxyl group in the polyol is reacted with lactic acid to
produce a terminal secondary alcohol. In Scheme 3, the polyol is modified with propylene oxide,
which also creates secondary alcohol groups. Reaction of either of these modified polyols with
isocyanate will produce a polyurethane coating essentially identical to that obtained from the
unmodified polyol. However the coating will now contain blocked urethane groups that are
“immune” to enzymatic attack.

There are some drawbacks to this approach. Secondary alcohols react slower than
primary alcohols, so the curing time of the coating would be lengthened, or else the catalyst level
would need to be raised. As a result, costs would also be increased.

Previous work at the Naval Research Laboratory (NRL) identified and produced in the
laboratory an enzyme from a naturally occurring fungus, which rapidly decomposes polyurethane
(15). This work was subsequently extended at NRL, to create a new genetically engineered
microorganism that overproduces the polyurethane degrading enzyme (U.S. Patent, Navy Case
No.75461) (16).

All of the armed services in a joint military operation will benefit from technology that
protects the warfighters’ overall ability to initiate and sustain combat operations. Vaccinating
aircraft runway surfaces allows U.S. Air Forces to sustain operations to control the skies over
enemy territory. Protecting road and highway surfaces supports the mobility of Army and Marine
land forces, particularly troop and supply transport. Protecting fuels, replacement parts and other
supplies that support a war effort gives an advantage to all branches of our military by enhancing
logistical support systems. The potential for clandestine employment of these non-lethal weapon
systems, particularly since their effects in many cases may closely mimic natural processes, gives
an adversary the added advantage of deniability. For this reason, defensive measures must be
proactive, rather than reactive.

In addition, characterization of degradative mechanisms and development of “vaccination”
strategies will have significant dual use applications in protecting military and commercial
materials and materiel froq naturally-occurring biodegradation problems, as well as from
offensive military and terrorist attacks of this nature. Scientific expertise capable of developing
anti-materiel technology patterned after microbial systems unquestionably is already present in the
laboratories of potential adversary states, and the likelihood of near-term development of such
threats is great. Failure to counter this threat with a focused research program jeopardizes the
warfighting capability of the U.S. and its allies.



REFERENCES

1. Magnin, J. et al., (1994) Preparation of porous materials by bacterially enhanced corrosion
of FE in iron-titanium hot-pressed plates, Materials Science and Engineering 189(1-2): 165-172.

2. Little, B. and Wagner, P. (1996) An overview of microbiologically influenced corrosion of
metals and alloys used in the storage of nuclear wastes, Can. J. Microbiol. 42(4): 367-374.

3. Little, B. Ray, R. et al., (1995) Fungal-induced corrosion of wire rope, Materials
Performance 34(10): 55-58.

4. Wagner, P. and Little, B. (1993) Impact of alloying on microbiologically influenced
corrosion, Materials Performance 32(9): 65-68.

5. Atlas, R. And Cerniglia, C. (1995) Bioremediation of petroleum products, Bioscience
45(5): 332-338.

6. Campbell, J., Regression analysis of factors influencing bacterial degradation of BTEX at
the Naval Construction Battalion Command, Port Hueneme, California, In: Spargo, B. (ed.) In
Situ Bioremediation and Efficacy Monitoring, 1996.

7. Wagner, P, Little, B. et al., (1996) Biodegradation of composite materials, International
Biodeterioration and Biodegradation 38(2): 125-132.

8. Wagner, P, Ray, R. et al., (1996) Microbiological degradation of stressed fiber-reinforced
polymeric composites, Materials Performance 35(2): 79-82.

9. Ramamurti, K. And Jayaprakash, G. (1992) Asphalt stripping bacteria, J. Chemical
Technology and Bictechnology 54(2): 171-174.

10.  Wolf, M. And Bachofen, R. (1991) Microbial degradation of bitumen matrix used in
nuclear waste repositories, Naturwissenschaften 78(9): 414-417.

11.  Pendrys, J. (1989) Biodegradation of asphalt cement-20 b y aerobic bacteria. Appl.
Environ. Microbiol. 55(6): 1357-1362.

12, Stranger-Johannessen, M. and Norgaard, E. (1991) Deterioration of anti-corrosive paints
by extracellular microbial products, International Biodeterioration 27(2): 157.

13.  Elsayed, A., Mahmoud, W. et al., (1996) Biodegradation of polyurethane coatings by
hydrocarbon-degrading bacteria, International Biodeterioration and Biodegradation 37(1-2): 69-
79.




14, Jones-Meehan, J., Walch, M. et al., Effect of mixed sulfate-reducing bacterial communities
on coatings, In: Biofouling and Biocorrosion, Geesey, G. (ed.), 1994.

15.  Crabbe, J., Campbell, J. et al., (1994) Biodegradation of an ester based polyurethane by
Curvularia senegalensis, International Biodeterioration and Biodegradation 10: 22-29.

16.  Montgomery, M., Campbell, J. et al., (1995) Pseudomonas Chloroaphis Microorganism,
Polyurethane Degrading Enzyme Obtained Therefrom and Method of Using Enzyme. Navy Case

No. 75,461.




Acknowledgments: The chemical expertise of Dr. Robert F. Brady, Jr., NRL Code 6123, is
greatly appreciated in deriving chemical vaccination strategies for military materiel. Dr. Joanne
Jones-Meehan, NRL Code 6115, provided insightful scientific discussions.




